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TSGKi^ICAL NOTE KO. 239. 

STEAL! POWER PLANTS IN AIRCRAFT. 
By E. E. Wilson. 

Tlie employment of steam power plants in aircraft has been 
frequently proposed. Arguments pre and con have appeared in 
ma.ny .-journals. It is the purpose of this paper to make a brief 
analysis of the proposal from the broad general vievrooint of 
aircraft oov/er plants. Anv such analysis may be general or de- 
tailed. If the approxim.ate analysis shows considerable promise, 
then an ultimate analysis may be proceeded wdth. 

General Considerations 

Power plants for aircraft m^ust meet certain requirements 
considerably different from, those which other po?;er plants are 
required to m.eet. A prrmary requisite of an aircraft power 
plant is light v;eight in proportion to the horsepov^er developed. 
Compactness is a fundam^ental requirem.cnt not only because com- 
pactness is associated with light weight but also because com- 
pactness is, of itself, an important factor in design. On this 
light weight horsepov/cr ratio, aircraft power plants must be 
unusually reliable and must attain this reliability without atten- 
tion in the air- They must develop a high percentage of their 
m.aximi:imi horsepower at the beginning of a flight, and m.ust sustain 
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a relatively hioli percentage of their nia.xiraur. pov/er throuQjliout 
the flight. They riast a.ttain high econoniy in fuel not onl^;- be- 
cause 01 the cost involved in operation, but also tccause Ghe 
weight of fuel consur-iccl necessarily limits the cri:.ising range 
and the pay load- Aircraft engines rrrast be cxtrerijoly flexible 
in operation; that is, capable of quick accelcr?otion or deceler- 
ation from idling speed to full throttle^ and vice versa^ and of 
fine adjustment at any crank speed throughout the flying range. 
Aircraft engines do not a,ttain the lonp.: life between major over- 
hauls required by other power plants at present, but long life 
is likewise of -oriniary importance. To summarize, aircraft power 
plants must meet the following difficult requirements: 



Since the controlling factor in aircraft engine design is 
v/eight;, it is imnortant to consider this reouirement. We are 
accustomed to compare engines on the basis of weight per horse- 
power. This coefficient in a given engine is capable of reduc- 
tion, first, by reduction of the weight itself; and, second, by 
increasing the horsepox-rer • Progress along these lines has been 
rapid and the limit has not yet been reached. 

In our consideration of ^/eights, \:e m.ust bear in mind that 
we are not concerned with the bare engine weight alone, but v;ith 
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the ^-rliole pov;cr plci^i'G v;ci:rht. The necessity for this is c/opar- 
ent Lot once v^hcn v/c conipr-.ro conv cnt ional -.vat er- cooled engirxcs 
and air-ccclcd engines. The dry vici^t per horscpo'.Tor of these 
two t^'Hocs of engines is alrost the sar.ie, 'out v.'rien \io take into 
consideration the v/oig:ht of t}:c cooling system required "oy the 
v;at er-coolod engine, 'jo find a difference in total po^vcr plant 
v;ei?ht oi approximately 3ix-tenths of a pound per horseoov/er. 

In a problon of this kind, it is necoesary to carry the 
Y/eight aiialysis still further. The rxdern -aircraft pouer pLant, 
v/eighing cbcut o lb- per hcrse-oor^er and consur^iing at out 0.3 lb. 
of fuel per horsepoAver, T.^ill at full throttle cons^orne its own 
weight 01 fuel in approxii..? t ely 6 hours. The fuel consumption 
of the pov:er iilant, then, is of great iiTiportance in this weight 
consideration. This fuel cons^arnpt ion must also be considered 
on a further basis oi miles per .^llon, and this consideration 
involves propeller er:^f ic iency . It '"las been stated as a general 
proposition that the aircraft propeller should turn, roughly, 
10 ?..?.:.!. per mile per hour for best economy. For an airplane 
flying 100 miles per hour, the best propeller speed will be in 
the neighxloorhood of 1000 R-P.H. Aimlancs flying at 250 miles 
per hour on this same basis can be flOYm with good propeller 
efficiency at a oranh speed of 2500 R.F.M. In the slower air- 
craft, then, the use of reduction gearing is indicated for 
crank speeds greatly in excess of 1800 R. P.M. In any consider- 
ation of this matter of weight, therefore, wc must take into 
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consideration the wei^rht of the po-TCr plant, the Tveight of the 
fuel consuiTiccl, and the propeller limitations. ^ 

Ou.r v/ci^Aht-horscpo^jor ratio does not tell the vjhole 3tor37'. 
Even though this ma.y he excellent as measured from every stand- 
point, v/c rust take into consideration the total v/ei.r:ht of the 
poxver plant. As the total xveight of the poorer plant increases, 
the v.-ing area necossar^^ to support it likcv/ise increases and 
the weight of the structure to support the po-ver plant in- 
creases. In other 'Tords^ the total power r-^lant weight is re- 
flected throup;hout the whole structure. The size of an airplane 
is of prima^ry importance and is of particular im.p-'^rta^nco in 
naval aircraft. The limitations of stora-'c snace and h?.ndling 
gear aboard ship esuablish definite limitations of the sizes 
of aircraft which can be handled and this m.ay readily require 
a lar.g-er number of small aircraft rather than a smaller num.ber 
of large c.ircraft. 

In the oast, it has been rather v;iciely felt that weight 
enters more largely into the factor of reliability than is now 
believed- A heavy power clant is not necessarily a reliable 
power plant. The v/eight y.iust be properly placed, preferably 
in stressed parts, and must bo elimiinated from, unstressed 
parts. It is hardly fair to compare the reliability of conven- 
tionrl aircraft power plants with that of ground or surface 
installations. Whereas a surface installation m.ay have dupli- 
cate auxiliaries, -the weight factor in aircraft engines pro- 
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eludes the use of nultiplc auxiliaries to a orroat de^^^ree- Thus, 
the conditions of operation in the air are entirely different 
from those of noriv.al operation on the ground. 

There is a general irAprcsBion that the present aircraft 
pouer plants are conparat ively unreliable. A careful analysis 
of engine failures indicates that a large percentag'C of then 
are due to troubles ^vith gasoline, oil, and water linos. It is 
rather sur-jrisin^^ to see the number of failures \7hieh arc cred- 
ited to the sc-cailed "plunbing s:fsten^" In the effort to re- 
duce the total •.veight of these lines, it is of inpcrtance thr.t 
•70 do not go too far and introduce the factor of unreliability. 
This high percentage of plumbing failures will be of interest 
to us '-rhcn v/e come to invest iFT:to ctcan po^.ver plants soriCv.'hat 
later in this paper. 

App r o X ir.ia t e A TiB.1 y s i s 

With this basis established, v;e are nori ready to mahe the 
approximate analysis of the suggestion of the emplo^^nr.ent of 
steam power plaints in aircraft. Any steam pov:er plant must 
consist of^ 

a) The boiler, 

b) The engine, 

c) The auxiliaries, 

d) The condenser. 

A condenser is absolutely necessary in aircraft for the 
reason thia..t no airplane could possibly carry sufficient wo-ter 
to operate n on condensing. 
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Fortunately, v/e have a,Q a basis of our analysis, a very 
thorough investigation undertaken by the Bureau of Engineering 
of the Ns.vy Department, during the years immedia,tely follov/ing 
the war- This investigation ?^;as carried on by a Committee on 
Experimental Power which included among its members some of the 
foremost American engineers v/ho have been associated with steam.- 
driven motor cars and .gas turbine-driven torpedoes. 

The Comm.ittee began its report with the following state- 
ment: "It is quite manifest that, theoretically, no steami 
plant can compete with the internal combustion engine in economy 
and fuel consumption, and in small powers it could not compete 
in weight of plant per horsepower." The accuracy of this state- 
ment is borne out by the fact that whereas aircraft . engines are 
operating on a specific fuel consum^ption of 0.50 lb. of fuel 
per brake horsepower per hour, a good average figure for even 
a large steam pov/er plant is not bettor than 1 lb. of oil per 
horsepower hour. Roughly^ the specific econom.y of the steam 
power plant is about half that of the internal combustion en- 
gine as supplied to aircraft. This is inherent in the cycles 
emiploycd and the manner of em.ploying themx. 

The Bureau of Engineering's report further presented the 
idea that the development of a -Dractical steam, power plant for 
aircraft propulsion presented three distinct problcm.s: 
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(1) The pro^'jiction of :i stec\n engine of rrinimini ?/oic^ht, 
v.^hich shall have tho highest possible efficiency and 
lo\70st possible fuel consumption^ and v/hich shall 
possess reliability and durability. In the production 
of an engine possessing those cho..ract eristics ^ the 
Cor.Tuittce f.avorcd the steair^ turbine. 

(2) The production of a suitable steam generator autc'.-atic 
in action. For this purTOOse, the Co:".ii'::i ttee felt that 
the flash boiler V70-S the only one -vhich considerations 
of w 0 i ght v:ou Id adn it . 

(3) The dcvcloprent of a condenser. It -^-'as considered 
thja.t this develoioinent prosciitcd incre difficult prob- 
lems than tliat of the engine and that the drag of such 
a oonacnser, no ratter hor; v;ell designed, would prob- 
abl3^ be ^prohibitive unless soiriC such device as the 
"wing'* radiator ecu Id be used. 

The Coinnittee considered that the foundation of a cor.:plete 
power plant was the stecj;. generator. The generator finally 
arrived at, consisted essentially of a systen of tubing into 
one end of which the feed water was forced, while fron the 
other end the steen issued. ZIo storage spa,ce for either sur- 
plus water or steai:! was provided. In a generator of this t\gDC, 
\7here there is no reservoir or stored heat, such as all ^'.r.tcr- 
levcl boilers possess, it was necessary that the exact proper 
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proportions of fuel and water supply should at all ta^-ncs bo 
maintained accurately. FluctTiat ions in pressure and tcnpera- 
ture of stcan due to sudden changes in the denand or load could 
only be prevented by self-acting devices. If controlled by 
hand, any changes in steaming rate would have been r.adc cau- 
tiously. Such operation \70uld not be proxticable in ordinary 
use. 

The Ccru^.itteo felt that the task of devising a practical 
generator ras divided into tv;o distinct prcblcv:s . The first 
was the development of the generator proper, and the second the 
production of an efficient and practical syster/i of controlling 
it "when developed. 

The p'articular form which this generator took ms largely 
dictated by the fact that fire brich or other refractory lining 
for the combustion chamber could not be used on account of its 
\7eight. The combustion chamber (Fig. 1) ^vas therefore enclosed 
T^'ithin the "/alls of steel tubing through which the steam gener- 
ated in the heating coils passed and becam.e super-heated. In 
order to conserve the heat radiated from these walls, an air 
jacket surrounded the entire boiler, and air T7as drawn through 
this lac Vet by a fan blo-jor and delivered to the combustion 
chamber. A light sheet steel casing enclosed the tubing in or- 
der to -jrcvent hot gases in the combustion' cham.ber from entcrin 
the air iacket, and the latter had an outer wall of thin sheet 
aluminum between which and the inner wall Tras a spade of four 
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inchcG through v'hich the air passed. This method of heat insu- 
lation i^rovcd exceedingly ciicctivo and little heat was radiated 
to the atr.csphere. 

The ultinate design contemplated the use of fuel oil, out 
for convenience in expcrir.ent ing, kerosene v/as used for fuel. 
Neither the heating tuoes nor the r.etal casinp: enclosing: then 
possessed any appreciable structural strength, and to s^J.pply 
this, a light trass made of hc.lf-inch tubing was placed within 
the air jachet. To this, the inside and outside walls were 
attached. The portion of the truss, top^cther v/ith the inner 
and outer walls which covered the outer wall of the generator, 
was iTiadc rCTnovable so as to give access to the tubing. 

In the ultinate design, it was accepted that the fuel puj:ip 
would be included in the sane housing with the v/ater feed pui-np, 
and both punps, together v.-ith the fan blov/er, would be driven 
by a Irarbine mounted on the pump housing so tliat the plant as 
a whole would be self-contained. For convenience and experi- 
mentation, however, the fuel pump v\;as m:Ounted on an independent 
foundation which v/as driven by an electric motor by belt, the 
same motor driving the fan blower to which it was coupled by 
means of a flexible shaft. 

The boiler, in general sha.pe, was a horizontal, miulti- 
circuit fla.sh boiler to which ^^ater v/as fed in sixteen parallel 
streams. These stream.s ^'^ithout interruption passed parallel 
through sixteen fla.t coils of one-hcolf inch tubing in which 
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complGtG cva'ocration took place. The steam irsuinr fror^. tliose 
sixteen circuits v;ar thorou;^iiIy -i-nixcd in a. manifold a/nd then 
passed in seven parallel streams through 3/4" tubee for super- 
heating. The superheated stear. v/as delivered throup^h a small 
delivery manifold to the s;utom:atio throttle -hieh maintained a 
conGto.nt fixed pressure within the boiler and autor^at icefily de- 
livered all the stea.ni r^cncratod at this pressure. 

The EU"r»erheat inQ^ tubes v/erc v.^ound spirally to fomi an oiocn 
end box v^ith round corners, the tubes being close pitched so as 
to lie close together, forming the four sides of the box. The 
chamber for>>ied by these tubes served as a eor.bustion chamber. 
The outer surfaces of these tubes !vere in contact with a light- 
metal cabing v;hieh enclosed the entire -^ube system-. The contact 
of the superheating tubes v/ith the inside of this boiler casing, 
coupled vith the positive air circulation which was maintained 
over the eut:-.ide in proportion to the quantity of fuel being 
burned, prevented the casing from burning and made insulation 
imneeessary. 

The eva^poration tubes were v/ound to form sixteen independ- 
ent flat coils which stood on end in the vertical plane just 
behind the comfcustion c'na.mber. The gases leaving t/^e com/custion 
chamber -oassed through the spaces between the flat coils. Tnese 
coils themselves tapered toward the rear and were arran-^'^ed -so 
that the spaces bexween tliemx o.lso gradually contracted. By tap- 
ering the coils and contracting the spa^oes between the coils, the 
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p.xe^^ tl'irouo_;h v/hich the gases flowed vras gra,dually reduced to 
coHipensct e icr the reduction in rro^s voluiTiC. The r:ases hx^.vinp; 
passed oetv;cen the layers oi flat evaporating coils^ passed up 
the stack Yjhich v.ras located in the cover at the extrene rear end- 
Thus the cor:ibustion took place at the front of the toiler and 
the 'i:ases flcv/ed airectly rearv/ard. The ^-/ater v/as pat into the 
rear end and the ste-nu flowed for-vard. This nado the boiler 
strictly count er-fl 077 and :.iaintaincd a ?r:axi::'um ternperaturc dif- 
ference tet-^een the fluid and the ^ascs at all tinios. 

This hoiler orovod to be a very efficient and flexible 
steam r^encraxor. It was designed to evaporate 9000 pounds of 
Tvater 'or'- a:^ur at 300 to 500 pounds' r)resBare. and at a tonpor- 
ature of 300 to 900 de3i*':"^es Fahrenheit. It proved to be capa- 
ble of evaporating T:.u'ch L.ore v/ritor than this and to maintain an 
efficiency of GOfb under these full load conditions. On one test 
v:ith a throttle press-are of '52' 5 pounds gauge and a throttle texi- 
perature 01 773 degrees Fahrenheit, burning l.S pounds of oil 
per square foot of heating surfcce, it evaporated 9450 pounds 
of -at or per hour ^vith an 804 efficiency. The c-nacity of the 
^7ator puM-n was reached at this flov/ and this prevented ascer- 
taining the iviaxinrun ccpa^ity for evaporation of the boiler. 

In "orrcticrl operation, trouble has been c:o:^erienced rith 
generators of xhc flash Z'spo, having no surplus r/at er and stean 
space, due to the fact that a sudden change in the throttle 
opening of the hard-operated valve caused -ide fluctuations in 
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stcax-.i pres^.urc, and 'vith a sudden closing of the throttle, an 
ancunt of -rater nipht 'oe loct through the r.ysten through the 
safety valve v.hich, for the pur-nose for which this generator 
is denigned, -ould be serious- In order to olininate these 
dra;7bacl-:s, a radical change from zhe ordinary node of operating 
the ;":^enerator Tas made. Both the hand-operated pressiire valve 
a.nd the safety valve v/ere dispensed vjith. In lieu thereof, a 
type of throttle was adopted which v/as so arranged that v'hp-t- 
e^-er night he the rate of stoan produced ud to full capacity, 
the throttle allowed its outilov/ xc the engine out at the sane 
tine naintained the predet ernined precsure ^vithin the generator. 
Manual regulation was furnished to perr.:it control of the anount 
of fuel and w^.te^ at will. In other words, nanual control was 
to he over only the stu.ff going into the systen instead of the 
stuff going out of the systen. This systen not only insured a 
constajit stear presG:ure under all rates of steaning, hut also 
dispensed ^-^ith the necessity of a hlow-ofi safety valve. 

Oonsiderahle experincntal worh was done in the effort to 
give adequate control for the ^-enerator, and this v.^.s finally 
effected through the developnent of sone rather intricate acces- 
sories- i'rnile these were nade to function quite satisfactorily 
in the experincntal installation, the Board pointed out that 
intricate devices of this kind are difficult to naintain in 
service, particularly in the rather rough service to which air- 
craft are subjected in landing and taking off in rough fields 
or on rough water. 
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For the tests :ce?:osene ?:as uped as a fuel and there is, of 
course, a -ide difference, ps the report -oointed cut, het'veen 
the use of a volatile fuel and that of a fuel which ha,s to he 
sprayed under pressure, and to ":hich air iTust he suoolied under 
forced dra.ft from a hlc-.ver. Resort in general -.-^^s had under 
these conditions to utilising multiple "burners and by li-^hting 
a g-reater or less nurnher of tur-.:ers for any desired rate of 
steaiuing. An ingenious arrangement for tahing ca.re of this 
problem ;;ith herosene was developed, but in this case as v^ell 
as in the case of control of the rate of siieam -Q:onerated, a de- 
vice vas used -a^hich mi[;:ht involve dif "^icult ies in ser^/ice oper- 
at ion. 

As a result of a,ll tnosc experiments, a K:enerator was de- 
veloped from ^'^hich it was estimated that xhe finished wei;^ht 
of the generator, incl.udin;: pumps, fans, o/nd all other auxiliar- 
ies, can bo reduced bolo-7 20C0 pounds which would ^Ive a ^^ener- 
ator v;eight of less than 3 pounds per horsepower. It was felt 
that a generator had been developed ";ith hi.^rh t'ncrmal efficiency 
as camparcd with other boilers, which could if further developed 
have 8. ca.pa.city for producing; steam at cir-y desired rate of 
superheat; -hich had Is.rge steamiing capacity per unit of v/eight 
and space occupied; which nad adequate steadiness of steaming 
rate under fixed conditions; which had ad.eqiiate heat insulation 
without the use of fire brich or refra.ctory lining; which v/as 
safe from disastrous eijolosions -ithout the use of a blow-off 
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safety valve; which gave excellent automatic distribution of 
water throug-h the heating coils, thus preventing overheating of 
any coil; vvhich had an eiiicient automatic throttle rystom main- 
taining constant pressure rithout regard to sudden changes in 
the de-riand for steam -ith the engine; ^-/hich had an efficient 
and easy rxthod of controlling manually the rate of combustion 
and corresponding y;ater supply; ivhich ras capable of raising 
steam quichly from cold v/ater, and ^vhich ^A'ould be free from 
scaling or cracking. 

It ';:as felt that there had not been developed adequa,te 
control of steam tempera oure upon sudden manual changes in the 
steaming rate, nor ^vas it felt that the problem of outside 
rusting of steel tubing had been solved. It '.vas felt that the 
generator had a number of favorable joints as a v/hole, v/ith 
special reference to aircraft propulsion, as follov/s: 

1. Reliability and r) rob ably durability a,s compared 
T;ith internal combustion engines- 

2. The use of fuel oil in place of gasoline. 

3. Adaptability for large pov:ers \7ith0ut increase in 
complexity and *".^ith reduced weight per unit of po-;er. 

4. Retention of or possible increase in efficiency at 
high altitudes. 

5. Ease of operation and control. 
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The desi.-ners felt that the system had certain unfavoraole 
points as follo\\^s.* 

(1) Low thermal efficiency as compared v;ith internal 
combustion engines. 

(2) Greater -veight per horsepower 1 than internal combus- 

I 

t 

tion engines, except possibly |_ior large powers. 

(3) Lar.rre condensing surface required unless wing sur- 
faces could be used- 

From the a.bove general statement, it vrill be seen that a 
very conscientious endeavor v/as made to solve the problem of a 
steam, generator and that excellent progtcss was made in the -jork. 
The general details of the procedure have been outlined with a 
view to indicating on what basis the total weight per horsepower 
of this particular rrcnerntor was arrived at. From the outline 
of the unfavorable points listed by the inventors, it is appar- 
ent that v;hilc the m.echanical difficulties of the problem v/ere 
well taken care of, som.e of the major ol?.i ect ions to the use of 
steam power plants still persisted. 

We are now. prepared to continue in'' our analysis of the prob- 
lem, taking in turn the engine, the auxiliaries, and the con- 
denser. It is well within the realm of possibility that a steam 
turbine, with all its auxiliaries, can be built for 1 pound per 
norsepow^er. Such a turbine will of necessity incorpjoratc reduc- 
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tion gears ii the high ehait speeds necer-sary for turbine effici- 
ency v/ith light weight are to be ccapled with low propeller 
speeds which are likewise necessary for over--a.ll efficiency. 
Takinp: the v:eight of the boiler as 2 "bounds per horsepower and 
assuming an engine weight of 1 pound per horsepower, we arrive 
cut a weight of 3 pounds per horsepcv:er. We have, then, already 
reached the power plant weight of the Liberty engine as ordinar- 
ily installed in landplanes. 'Joro iiiodcrn engines have a power 
plant weight of pounds per hors-epow^cr • Since '*'e have assuincd 
that the other auxili-aries may be incorporated in the total 
v.^eight of the engine, vre are now prepared to pa::3 on to the 
condenser. 

In this analysis^ wo hcvc at h^and some experience in the 
use of the wing ~3np-e radiator for internal cambustion engines* 
In an a.irolane having approximately 8:30 squrrc feet of total 
wing area, 370 square feet of wing type radiator v;as required 
to cool the circulating water of a. 500 EP. engine. If no:7 v:c 
use w^ing ro^diators on both the upper and* lower airfoils, we will 
have a total of 1700 sciua.re feet of v;ing t^rpc ro.diator availa.- 
ble, or approximately 4.6 times as miuch surface as is required 
for the internal combustion engine. All of this surface is, of 
course, not available because of structural interferences, and 
it is safe to sao3^ that four times a^s much area is available as 
is required for the internal com.bustion engine. 

The rate of heat dissipated from the coding water of an 
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internal coirioustion engine ivra^t now be ccmoarcd ivith tlic?-t of 
tlie rate of -icet dissipation from the condensate oi the rte.arn 
pov/er plant. If we assuiao 10 pounds of steam required per 
horse-oov.rcr hour in an enp:ine, and ass^oiriO 1000 E.t.u. per pound 
of steai'i to he dissipated, v/e have 10,000 divided by 60, or 
157 3*t«u. per minute, to be c issij)a.t ed» The averap'e aircraft 
enj^ino dissipates cibout 25 B.t.u. per iviinute per horsepov;cr to 
the coolinc \vatcr, so that 5.7 tii^us as much area is required 
for the stecn power plant as for the internal coi'ibustion cnpine 
plant, assuninc; th-at the rate of heat dissipation from water 
to air and from steam to air are equal- Since v;e have but 
four times as much area r^vailable in an airplane as is re- 
quired for cooling an internal coiTibustion engine, it is obvious 
tha.t the area available is insufficient. 

The rbove fi'-nircs were based on the assumption that the 
rate of hce.t transfer for steam condensing in the radiator is 
approxiriately equal to that of circulating ?/atcr coolinr; in the 
same radiator- This, however, is not the ease, and an example 
will illustrate this: A 600 IIP. interarl comibustion en.--ine 
in an airplane flying at a speed of 60 miles per hour requires 
12 square feet of frontal area of radiator with a 4-inch core, 
or about 520 square feet of surface. This is equivalent to .07 
square feet of area per brake horsepov/er of the engine. For a 
steam ^30v.^cr plant, referrin.z to Fij;- 3, lor an air speed of 
60 i:.P*K. , v/e see that approximately 60 square feet of area 
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will condense 1 pound of stearrx per rinute, or 60 pounds oi stean 
per hour, which is equivalent to 1 r.quare foot of cooling sur- 
face condensing 1 pound of stcan'i per hour. Since now a stean 
Dov/er plant requires, roughly, 10 pounds of v.'^ter per hcrcepor/er 
hour, vie vrill require 10 square feet of area per horsepov-er to 
condense the steam of such a pov;er plant. The ratio, then, is 
10 to .8? or 11.5, from which it is seen that 11^- times as much 
cooling area is required per horsepouer hour to condense the 
steam as is required to cool the circulating vuter of an inter- 
nal combustion engine. 

?/e see, too, that orly 4 times the area required is ava,ila- 
ble if ue use both surfaces of an airplane, vrhereas 11-^- times 
as much area is required- The wing type radiator is therefore 
elim.ina.ted from, our consideration because of insufficient wing 
area availcible. 

Fig. 2 has been calculated from^ the best inform.ation avail- 
able. The data are quite lim.ited and, like most data for con- 
densing apparatus, disclose rather wide discrepancies. In de- 
veloping the curve, an effort has been m.ade to arrive at a 
reasonable ba.sis of com^parison. For the purpose of this approx- 
imate analysis. Fig. 2 is sufficiently accurate. 

It will be noted tha.t the cui^rc is calculated for steam at 
212^ and a.ir at 100^ Fahrenheit. This steam: pressure corre- 
sponds, of course, to 14.7 pounds absolute pressure. Any stccm 
turbine to attain any reasonable efficiency m.ust of necessity 
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o^ooxo/go c.t r... much lov/cr back pressure than this. A good turbine 
should o-ocrate at about 1/3 pound back pre.^";ouro prcvidod the 
exit area is sufficient to take care of the stoan at this vol- 
une* V.OM che tenperature correspondinp; to l/S pound absolute 
is aoproxi:-:a.t cly IGO'^, at v/hieh tenperature v:ith an outside 
air ter.perature of 100^", v;hich is frequently eneountered in op- 
eration, there is no ter.perature difference and therefore no 
possibility of condensing xhe stoarr. Obviously, vre ^Tould have 
to choose cone other baek pressure at ^'.'hich v/e eould attain v.ll 
the economy eonsistent v;ith maintaining sufficient te:.pcrature 
difference between the stear. and the cnatsile air -"o condense 
the 3tea.m- Manifestly, any teiT.nerat^are lower than 212^ ^voald 
result in a corresponding increase in the condensing surface 
reqj-ired. In other v/ords, 'Ne could not hope to q-et economy any 
where near approaching tha.t of steam oower plants on shore with- 
out a. condenser whose area and weight will be greatly in excess 
of what already constitutes an impossible condenser for air- 
era, ft or. gines. 

The above calculations are based on the assumption that 
the wing t-f^^e radiators co\ild be kept reasonably free from 
water and that the steam could be kept in reasonable contact 
with the cooling surfaces. As a matter of fact, those sur- 
faces on the lower side of the wings will probably contain a 
dead water film of considerafol c thickness and thus considerably 
reduce the effectiveness of this ceding sur.-'ace. The calcula- 
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tions o,rc thorcforo rased on assumptions v-hich arc considerably'- 
more favorable to the problem than v.-o-ald actually bo encountered 
in service. 

• So far, v;o have not considered the drag oi a radiator for 
stean ^oov;cr -olcnts. If v.'C utilize all the r,'inj area available 
end then resort to zac core type radiator for the remainder, 
v:e still have tv;ice as v.iuch drr.K area in the steam pOwOr plant 
as in the internal combustion cnadno. The resistance of the 
coolin.-:: surface due to the air flCv; variee approxim.atcly as 
the square of the speed of advance, end the power required 
varies as the cube of the speed of advance. An increase of 
100^^. in tae area of cooling surface required ?;ill, at high 
speeds, become a serious factor, and it is obvious that since 
fuel is recuirad to -)roduce power, the economy of the stean 
power plant over that of an internal com.bustion engine v;ill 
again be im^paired. 

So far v;e have not considered the v/eight of such a radia- 
tor. The average weight for an aircraft radiator is about 
.3 pound per square foot, dry. '*7ith .87 square foot of cool- 
ing area required per horsepo\^er, a 1000 KP • internal combus- 
tion enplne v/ould require approximately 261 pounds of radiator 
weight. Since it requires lit ^^"^^^^ ^s much cooling surface 
for the steam power plant, wo would reach a total of 3000 
pounds for a 1000 HP. engine, or 3 pounds per horsepower. In 
other words, the weight of the radiator of the steam power 
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plant is as ^.Tcat as -that of a combined boiler and online csti- 
natod above, and tlic total ^^cight of such an installation, ex- 
clusive of tb.c onfcinc and condenser auxiliaries, v:ould be 6 
pounds per norscpov:er. This is .Just about tv-ice as g;reat as 
the avera.f^jc ^.veight of the modern c\ircraft pO'Tor plant, and on 
a TTcight ba,sis alone, ne^^;lec tin^T the resistance factor, our 
steam pov./cr plant v;ould v;eigh tv-^ice as riuch as our internal 
combustion enrrine and v.^ould require about tr/ice as much fuel. 
In other v^ords, if a steam iDOv/er plant is to com-oete v/ith an 
internal combustion cnq-ine on the 11- important basis of pounds 
per horsepOY/cr per mile flov/n, it :7ill hove to show an improve- 
m.ent in both cconomiy and weight of at least lOQfc 

Steam. pov;er plant economies of the order of l/3 pound of 
fuel per horsepov/er hour are, theoretically, v/ithin the realm 
of possibility. Their attainment will require higher pres- 
sures and higher der:rees of superheat than are customary on 
the shor:. Certain special installations are alrea.dy v;orking 
under these conditions, although not yet approaching the theo- 
retically possible econom.y. These eeonom.ies can only be ob- 
tained with the developmicnt of suita^ble miaterials- It is a 
matter of com.mon hnov;ledge that im.provemcnt in steam, power 
plant ccoYiomy has been sufficiently rapid to chiallenge th^.t of 
Diesel installations. 

In considering this miattor, we m.ust keep in m.ind the all- 
im-oortant factor of reliability in aircraft and the fact that 
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aircrr.ft in:: tallat ions arc vSu"^oj octcd xo severe s'locks of lanc.ing 
and tal:c~ofi frovri rough ground or rator ':hich v:ill rake tlio 
naintonarcc cf high orcrsurc joints soinorhat difficult. Tncrc 
is further to he considered the crash hazard to the crov;s of 
aircraft using a stcan pcvcr plant in v/hich hirh pressures and 
hipra xc:--rpcraturos prevail- There is the further dan^rcr of fire 
rcsultinr: from such a crash since the fuel lines v/ill be in 
close 'oroxinity to a hot furnace. It is r^ov/ coninonly recog- 
nized that in a crcsh, fire is nuch >-ore lihcly to result fror::: 
hurninr: cf the lubricatinc; oil than fron the gasoline alone. 
Gasoline sprayed on hot surfaces evaporrtcs so rapidly that it 
is loss liholy to ijrnitc on contuct Tvith hot surfar^es than is 
the h:avy luhricatino: oil v;ith its lo-- rate of evaporation. 
The hazard resulting frcn the utilization of high pressure 
steam in circraft povrer plants must be p.uven due cons ideration# 

Nov;, there rre only three r.ajor reasons vhy the use cf a 
St oar. po:;er plant night at first appear attractive: 

• (l) The pcssibility of nn increase in the reliability 
raid life of the pov-rcr plant. 

(2) The -^possibility of utilizing a" cheap, heavy fuel 
and of reducing the fire iia.zard. 

(3) The possibility of attaining h:gher po^-ers than 
arc possible •;;ith the present type of internal 

c onbus t i on en n c . 
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Taking firr-'t this posGicility of incror.sc in i-'clir.bility 
rnd life ootucen ovcrliruls^ it is dcsireblo to rev lev; the relia- 
bility and life bet -TCcn overhauls of the r^-csent engines. The 
r.iodern riircraft engine is not such an unreliable piece of :;:a- 
ehinery as it appears to be. We have on record, tests of air- 
craft engines nhich have run over 300 hoars at full throttle, 
non-stop. Approximated in-'co :":ilcs at the rate of 100 r.'ilos 
per hour, this ::':cans a iistance of 30,000 :-.:ilcs at full speed. 
Comoared rath the automobile engine, uhis ic: a commendable per- 
formance even v-hen we remember that the automobile en-^une i-ei.jhs 
ap-oroxrmately 15 pounds T^er horsepcjer. Compared with the 
steam power pl^nt of a battleship, which will weip^h roughly 
135 pounds per horsepower, this performance is also com/mendable. 
Host battleships would encounter considerable difficulty in 
steaming; 30,000 wiiles at full speed c^.^en when attended by a 
full crew which cen closely supervise the eng.lne operation ?t 
all times. The modern aircraft engine is not, then, so unreli- 
able as it appears, especially when we remei;:ber that a major 
portion of =-he failures is due to piping and not to the en:i:ine 
itself. 

ITov.-- since our steam :-0'-^er plant ^^.^ill have a very much 
lar.eer prouortion of -oipin^^, we can by the same token expect a 
considerable r-oiTiber of similar failures, particularly v/hen vre 
reduce the weight of this piping to the point which weight 
limitations will require. In other words, by the time we ha.ve 
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reduced t-ie vreiglit oi the steam pov;er plant to the :iiinim^Jirn5 as 
'.7e iiavc done in the aircraft pov/cr pla.nt, a.nd by the uiivie v/c 
have added to it the necessary/ ^-utoiiiatic appliances and conpli- 
cations necessary to ncct the requirenents of aircraft, iic v.-ill 
have GO fa^r reduced its oossifclo relia^lDility as tc make it loo'-c 
ext rev.iely ^rniarorcJC'le in comparison "uth tlie internal combust ic 
en.^rine. This stands to reason 'vrecause the internal combustion 
engine is a self-contained unit, v.hereas the steam power ple.nt 
must 6.ivido itself in-^o four se^-^arate units and must incori-^or- 
ato more accessories and -Topliances thcon the aircraft en;5ine 
can ever roauire. 

The possibility of utilizing a cheap heavy fuel and thus 
reducing the fire ha'^.ard is an attractive one- To date, the 
possibility of -acin^ such a heavy fuel in aircraft has not been 
dem.onst ranted by burning it under boilers. It "Tould appear 
that the ^ii:o^ct course of procedure is to burn this fuel in an 
internal oom.bustion engine, and xhis probler;. is ^tcII on the 
-'ciy to solution. Even v/oro it possible to burn a cheap heavy 
fuel, the tot?. 1 quantity of fuel rcauircd for the most econom.- 
ical steam: -rjovjer plant •^■-e can expect to desis;n \T0uld be so 
great as to v.dpo out a good deal of the m.argin of economy. 

The -oossibility of attaining higher oor/ers than are possi- 
ble -jith the present type of internal com:bustion engine is not 
so attractive for the rea.son that even v.-ith the internal cori- 
bustion engine, the necessity for very large aircraft is not 
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ap-oarcnt. It can be shovm that there is a definite point in 
Gizc Ijcyond rliich it is uneconor.iical to go even for ^.7ei;2;ht- 
carryin- '^iriDlancs. In an;,' event, it is -possible to utilise 
interna,! ooir.bustions in mltiplo-cylinder installations r;hich 
have the acded attraction, provided the aiiplanc is so de^irjncd 
as to fly on a.ny one of the nultiple engines, of increased de- 
pendability. This possibility, then, does not look particalarly 
v/ell in heavier than aircraft. 

In li^htcr-than-air croft, it --.'ould socn that stcar. ■oo\7cr 
plants ;"i>-:it h.r.ve some better a-p^lications. rlo'.vever, the cle- 
ment of coonomy is of relatively greater importance in these 
aircraft use they arc designed for lon-^c range- A central 
generatin<5 plcnt --ith propellers driven by electric motors is 
offered os one "ooss ibility, tut the total -.vcip-ht of a canbincd 
turbo- electric system even -rith the central plant can be shovm 

to be prohibitive. 

So far v.'c have discussed the ".-ore conventional tvpes of 
steam ^oower plant. An analysis of the possibilities of an un- 
conventional development, based on the mercury boiler indicates 
that a nearer approach to the requirements of aircraft can be 
made ^;7ith this plant- If the economy of such a plant can be 
improved to xhe point of equality ^■ith the internal combustion 
engine, then the total v/eight per horsepower of such a plant 
is not of such pressing importance in an airship ^^here the 
77eisht of the fuel carried is a much greater proportion of the 
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gross v:ciQ:ht of the airship than is the vjeiorht of the pov;er 
plant itself. It is only by sc.ne such development that stean 
porer plants can ever he applied to aircraft and the first v^v- 
plication, if any, r/ould seer, to he in airships. Even under 
the host conditions, steari porer plants in heavier- than-air 
craft appear so unattractive as to be entirely elirninated. 

Surx'iary 

Frcn the above ar^prcxiuat e analyjis it v;ill be seen that 
on the basis of the ^'^eight of the pcver plant alone, 3team 
porrer plants for aircraft are precluded. On tae basis of econ- 
omy alone, they are a.^min --.precluded- On the basis of the re- 
sistance of the cooling surface required alone, they are -ore- 
cludcd. On the basis cf tne sui.i of these three considerations, 
they are absolutely inpcsgible. It --ould therefore a^opear 
that the ultimate analysis r:cntioncd in the bcg^inning of this 
paper is no longer necessary as no proinise rhatever results 
from the approximate analysis. 

The foregoing approxinate analysis is .nanifcstly based on 
practical considerations. The sar.e results are indicated, how- 
ever, in the theoretical analysis. The starting- point cf any 
theoretical analysis is a comparison of the cyclic efficiencies 
of different .processes . 3y ccinparing possible efficiencies 
based on eonputations for cycles v/hich approach the actual cy- 
cles enployed in the nechanisi::, v:e may arrive at an apprcxima- 
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tion of -^hc proniscs hclci foTth -7 co.c"i cycle. Tlic Eniriir: .; 
cycle io tac orly stG::u': cycle tri:^/o rcriscnably rpproxi:;i^t cs in 
rc"pj:csontat ion the o,ctiorx of L::tec:;i irx cylinders and nozzles 
for T'liich efficiency cr.n fce read off charts. The Ctto 03^010 
is the cycle ordinarily ci:nolcycd in internal cc:fo''ji8tion engines, 
e.nd charts arc available for this cycle. 

Aucu-ini^ an initial pressure of 300 lb. (^ngo for cry sat- 
urated ::'tear:, and 0.35 It. per square inch absolute back pres- 
sure, the thernal effieieney of the Ranhinc cycle is about 34>^. 
For the Otto cycle ^.Tith a conpressicn pressure in atr.iospheros 
of 10, •;hich rppro:^i:--iat cs the conpression pressure for rcdcrn 
aircraft enyincs, -;e find a thernal efficiency'' of 48^ for the 
cycle. Fron this vrc see that the ste.an cycle is at a disad- 
vantage fron the viev/point of thernal efficiency v;ith respect 
to the Otto cycle in the ratio of ?4 to 48. This, of covrse, 
accounts for the Iot; econonies of stean pc-.ver plants. 

This uhole problem nay be vier;ed fron another anf;:le. In 
the nodern aircraft enpine, v/e nay assune that about l/o of the 
total heat of the fuel is converted into useful -;orh; about 
1/3 is rejected to the atmosphere in the exhaust >Tascs, and the 
renainin;s third is rejected to the atnosphero through the jach- 
ets either indirectly in 7.a.t er- cooled, or directly in air-cooled 
engines. Since the heat converted into useful --ork is lihe\7is-e 
dissipated into atnosphcre by the propeller, the nodern aircraft 
onp:ine nay be said to dissipa^te all its heat directly to the 
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atiiicsp^ierc. 

In the steam c3-^cle, the heat rust fir9t he trarsf erred to 
the ^Aforkin:: iluid, idiich is vater in the ordinary steain cycle, 
and to Y;ater and mercury in the so-called mercury toiler systerr:, 
Both 01 these liquids must he retained in the system and ?:e- 
circulatcd in aircraft engines. For an overall efficiency of 
25%, if v/e convert 25^^ of the heat into useful ^;-ork and dissi- 
pate it to the atj^osphere^ and if in the toiler we attain an 
effioiency of S04 and re;icct 20> directly to the atmosphere^ 
then only 45^ of the total energy is rejected to the atr^osphere 
directly. The remainin^:; heat nust oe transferred indirectly to 
the at^'iospherc through the cooling syster- Ilp.nif cstly , any 
such indirect system whieh is required to transfer SS/J? of the 
total heat available to the atrr.c sphere "r-hrough some intermediate 
heat transfer apparatus rrill require an ?.pparatus ivhich is heavy 
and offers far more drag than dees the ordinary aircraft radia- 
tor. Thj:s, on ^-heoretical gro^.^nds, v/e cam substant ia.te the 
foregoing conclusion tascd on practical grounds. 

'^hen FC comxare such a system requiring 'ncavy and c^aiater- 
some appa3:atus to re;i cet the heat indirect methods v/ith a 
system of the modern air-cooled engine, "fnich reiects all of 
the heat directly to the atmosphere -ithout such intermediate 
apparatus, our steam system: is shown to be at even vorse disad- 
vantage, rrom the practical as -^vell as the theoretical stand- 
point, it must appear that the steam power plant cannot compete 
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with tho intornc'l combustion engine in aircraft. 

In order that the etcani yjcv/cr 7lant may conpcte^ it is 
necessary to clininote rauch or all of this intermediate a:3para- 
tus* In the mercury boiler in v;hich the heat of condensation 
of the steam, is transferred to the rr.eTOuxY v.^hich, in turn, is 
utilized in a turbine, this elim^ination takes place to a cer- 
tain degree. There still rem^alns^ hov/evor, the necessity of 
transferring the heat of condensation of the micrcury to the at- 
mosphere. It is possible that the apparatus required v/ill not 
be in excess of that now used \7ith vrater-coolcd aircraft en- 
gines. It secm.s nell v/ithin the realm of possibility thc.t a 
coriplote mercury outfit in cor.paratively sm.?.ll sizes can be 
built for about 5 pounds per horsepov/er, and such en appr.ratus 
v/ould comiparo favorably, on the basis of econom.y, \7ith internr.l 
cor.bustion engines, as vxll a.s elim.inating much of the cooling 
surface required. It would, hov/ever, still be com.plex mhen 
com.parcd mith an internal comibustion engine 'vhich is^ after all^ 
one of the sim^plest of engines. 

7ater-cocled engines are rapidly passing out of general 
use in aircraft, only for sm.a.ller siz-c.- 7/ith m.odern engines, 
a pov/cr plant v;eight of 2.3 lb. per horse'jO'.TCr is com;mon- The 
mercury installation would then weigh over twice as much per 
horsepower as the air-cooled engine install^. tion in general use. 
Even this system^ does not offer greet prom.isc for r. ircraft. 
For steam to be considered as a propulsive uccns for aircraft. 
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it is necessary to devise sone r.ieans of apolicat ion v/hicli v;ill 
corrplctcly elir.iinate "the cooling system, ;vhich v/ill permit 
po\^er -jlant v/ei.Trhts of not to exceed 2 To. per horsepov/er, 
YjliiCii v.;ili per-iTiit economies of better than -50 To. of fuel per 
horsepower per hour, and ivhich v/ill be as simple, a.s easily 
maintained and operated, as ru-3;-ed, and as dependa-ble as the 
modern aircraft enpine. From our present knov/ledge, this is a 
rather large order. 
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SUPERH^ATmfi SECTION!- 
5MMLCSS D^AWN Steel Tubing^ •/♦•qd- .028" 
8 Pahallel CiKCU^Ig - »ss FT. Lkm#tm Cacm. 
1060 Ft Total Lbncth. 
212 Sq Ft Total Surface. 
106 S^ Ft Useful Suf^FACE. 
240 Lb^. Ewmateo Weicmt of Swwiriniic Tubing. 



CENTEK MANIFOLD mtmu 



FUEL POMP 



5TF/IH 




16 Parallcl CiUCtnti ^njnr teas TptrLE i^uno up To Baffle, double Wound 4fter Baffle - 5ee Plate 
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Fig. 2 Surface required to condense one pound of steam per minute 
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Temp, of steam = 212^? 
Temp. of air = lOO^^F 



